Bacillus sp. BSp.3/aM, a beneficial rhizobacteria, was analyzed for the ability to improve plant health of chili by suppressing anthracnose disease. In the dual culture assay, the bacterium Bacillus sp. BSp.3/aM was found inhibitory to Colletotrichum capsica (6 mm). Further, upon seed priming, it reduced the seed-borne incidence of C. capsici (2%) and improved seedling vigor (1374 ± 7.15 vigor index) and germination (98 ± 0.57 %) of chili seedlings. Under greenhouse conditions, seed priming resulted in reducing the anthracnose disease incidence up to 20%. Induction of resistance against invading pathogen is through enhancing the activities of defense-related enzymes and higher accumulation of phenolic compounds in the host plant. The activity of phenylalanine ammonia-lyase (PAL; 95 units) was more at 48 hpi; peroxidase (POX; 6.49 units) at 24 hpi; polyphenol oxidase (PPO; 5.81 units) at 24 hpi and lipoxygenase (LOX; 9.9units) at 24 hpi. Maximum accumulation of the phenolics and chitinase accumulation was observed in BSp.3/aM + pathogen treated seedlings 120 hpi (94.7 μg/g tissue) and at 96 hpi (9.36 units), respectively. Thus, increased activities of defenserelated enzymes (PAL, POX, PPO, LOX, and chitinase) correlated well with the decreased anthracnose incidence. Induced systemic resistance (ISR) mediated by PGPR was due to the upregulation of defense-related enzymes and by the accumulation of phenolic compounds.
Background
Chili (Capsicum annuum L.) is reported to be the essential vegetable grown and consumed in Asia and stands fourth worldwide (FAOSTAT 2008) . Chilies are a good source of antioxidants viz., vitamin-A, flavonoids, β-carotene, α-carotene, lutein, zeaxanthin, and cryptoxanthin. In addition, chili contains considerable amounts of minerals such as potassium, manganese, iron, and magnesium. Chili plants are being attacked by more than 100 different types of pathogens during their growth and development. Three species of Colletotrichum, including C. capsici, C. acutatum, and C. gloeosporioides, have been identified as the most important pathogens, which cause anthracnose disease in chili (Than et al. 2008) . Among the three pathogens, C. capsici causes anthracnose disease in a broad range of hosts worldwide, especially in the tropical and subtropical crops, thereby reduces the yield and quality of the plant products. So far, several measures have been followed worldwide to control anthracnose caused by C. capsici, including the use of disease resistant cultivars, crop rotation, and mixed cropping. In addition to cultural and chemical fungicide, several biological management practices have also been reported to combat anthracnose disease in chili. Use of a biotic elicitor and plant growth-promoting rhizobacteria (PGPR) (Chanchaichaovivat et al. 2007 and Nantawanit et al. 2010 ) have been shown to be the best ways of eliminating this pathogen (Singh and Kaur 1986) .
Plant growth-promoting rhizobacteria (PGPR) have been documented to control a broad range of phytopathogens via. fungi, bacteria, viruses, nematodes, etc. (Salem and Abd El-Shafea 2018) . The beneficial effects of PGPR via., ability to produce metabolites and peptides/enzymes, which may be involved in plant growth stimulation, availability of nutrients, suppression of phytopathogens, induction of systemic resistance or tolerance against biotic and abiotic stress (Niranjana and Hariprasad 2014) . Upon pathogen's attack, PGPR triggers induced systemic resistance (ISR), which includes, thickening of cell wall and papillae formation as a result of deposition of callose, a preliminary barrier for the invading pathogen, and buildup of phenolic compounds at the site of pathogen attack (Benhamou et al. 1998) , accumulation of pathogenesis-related proteins such as PR-1, PR-2, chitinases, and enhanced activity of defenserelated enzymes (PAL, POX, PPO, LOX, chitinase, and β-1,3-glucanase) (Anupama et al. 2015) .
Hence, the present study deals with the effectiveness of Bacillus sp. BSp.3/aM, a well-characterized plant growth-promoting rhizobacteria (PGPR) against anthracnose disease of chili cultivar (cv. G-4; Solar seeds).
Materials and methods

Plant material, microorganisms, and culture conditions
Seeds of the chili (cv. G-4; Solar seeds), a local variety susceptible to C. capsici infection (anthracnose), were procured from local seed agency. Seeds were surface sterilized, using 0.2% sodium hypochlorite. Colletotrichum capsici UOM-02 (virulent isolate; Accession No. KC311214) was maintained on PDA slants and used for further studies. The spores of C. capsici from 10 days-old-culture was suspended in a sterile distilled water at a concentration of 4 × 10 3 conidia/ml, using a hemocytometer and used for greenhouse experiments.
Plant growth-promoting rhizobacteria Bacillus sp. BSp.3/aM, isolated initially from tomato rhizosphere soil sample, characterized for their PGPR traits (Table 1) and found suppressing the Fusarium wilt and early blight in tomato was obtained from culture collection maintained at the Department of Studies in Biotechnology, University of Mysore. The bacteria were routinely subcultured and grown on nutrient agar throughout the experimental period.
Characterization of selected rhizobacteria
Root colonization bioassay was carried out to analyze the ability of rhizobacterial strains in colonizing roots of chili seedlings raised from bioprimed seeds (Silva et al. 2003) . Briefly, bacterized seeds were transferred onto sterile tubes containing 0.6% water-agar. Daily observations were made to detect bacterial growth around arising roots. Assays were conducted twice with three replicates per culture.
In vitro antagonistic assay
Dual culture assay was carried out to know the antagonistic nature of Bsp.3/aM against C. capsici. Bacterial isolates were spotted by sterile toothpicks around the four edges of Petri dish (90 mm diameter), containing PDA (without antibiotics), and incubated for 36 h at room temperature. A 9-mm-diameter agar disc from 7-day-old PDA culture of C. capsici was placed at the center of the plate and incubated for 7 days at 28 ± 2°C with 12 h alternative light/dark cycles. Finally, the inhibition zone was recorded at the end of the experiment.
Seed biopriming
Rhizobacterial strain, grown on nutrient broth (NB) for 36 h at room temperature on a rotary shaker at 150 rpm, was subjected to centrifugation at 8000 rpm for 10 min. Obtained pellet was washed by distilled water (twice) and adjusted to a concentration of (1 × 10 8 cfu/ ml), using a spectrophotometer at 610 nm. Washed and air-dried seeds of chili were soaked in culture suspensions of biocontrol agents. Carboxymethyl cellulose (CMC) used at 0.4% concentration aided in the adherence of the biocontrol agent to seeds. Incubation was carried out in a rotary shaker at 150 rpm for 6 h at 28 ± 2°C along with control seeds which soaked in distilled water and amended with CMC. Further, the seeds were aseptically air-dried and used for further analyses. Efficacy of seed biopriming against anthracnose disease in chili under greenhouse conditions
The potting mixture (soil: sand: farmyard manure in the ratio, 2:1:1 w/w/w), which was autoclaved repeatedly for 2 days was filled in plastic pots (9 cm diameter). The pots were arranged randomly in a greenhouse. Bioprimed chili seeds and control seeds were sown equidistantly (8 seeds/pot). Twenty-day-old seedlings were inoculated by a conidial suspension of C. capsici (4.5 × 10 5 conidia/ml) in a sterile distilled water until runoff (Jogaiah et al. 2006) . Greenhouse conditions were 80% RH and alternating temperatures of 25°C (day)/20°C (night). Disease incidence after challenge inoculation was documented up to 45 days. Each treatment contained 36 seedlings and 4 replications. Percent disease incidence was calculated by using the formula:
Control plants-Treated plants
Control plants Â 100
Induction of defense mechanism
Seeds were bioprimed and grown and challenge inoculated as explained earlier.
To study the ISR, four types of treatments were maintained viz., (I) control, (II) control + pathogen, (III) treated, and (IV) treated + pathogen. Seedlings (1 g) were carefully uprooted without causing any damage to root and leaf tissues at different time intervals (0, 12, 24, 48, 60, 72, 96 , and 120 h) and washed under running tap water, blot-dried, and used for the extraction of the enzyme.
Estimation of phenylalanine ammonia-lyase activity
Seedlings (1 g) were ground into powder and homogenized in 5 ml of cold Tris buffer (100 mM, pH 8.8) containing β-mercaptoethanol (1.2 mM) and centrifuged for 10 min at 10,000 rpm. Supernatant served as an enzyme source and the activity was determined by incubating enzyme extract (0.3 ml) with 1.2 ml of Tris buffer (25 mM, pH 8.8) and 1.5 ml of L-phenylalanine (12 mM). The conversion rate of L-phenylalanine to t-cinnamic acid was recorded at 290 nm and the enzyme activity was expressed as nmol t-cinnamic acid/min/mg protein (Dickerson et al. 1984) .
Estimation of POX
Seedlings (1 g) were grinded into powder and homogenized with 5 ml of phosphate buffer (0.1 M, pH 7.0) and centrifuged at 10,000 rpm for 10 min at 4°C. Peroxidase activity (POX) was estimated by adding supernatant/enzyme extract (0.1 ml) to 2.9 ml of substrate buffer containing [125 μl guaiacol (0.05 M) and 153 μl 30% H 2 O 2 in 50 ml phosphate buffer (0.1 M, pH 7.0)]. The specific activity of POX was expressed as change in optical density at 470 nm/min/mg protein (Hammerschmidt et al. 1982) .
Estimation of PPO
Homogenization of ground seedlings (1 g) was done using a cold potassium phosphate buffer (5 ml, 0.1 M, pH 6.5) and centrifuged at 10,000 rpm at 4°C for 10 min. Successively, 1.5 ml sodium phosphate buffer (0.1 M, pH 6.5) was added to the enzyme extract (100 μl), and the reaction was started by adding 200 μl catechol (0.01 M) and the specific activity of polyphenol oxidase activity (PPO) was expressed as change in OD at 420 nm/min/mg protein (Mayer et al. 1965 ).
Estimation of LOX
Five milliliters of potassium phosphate buffer (0.2 M, pH 6.5) was added to 1 g of powdered seedlings and centrifuged at 10,000 rpm at 4°C for 10 min; the supernatant obtained served as the enzyme source. Lipoxygenase activity was determined by substrate consumption, following the modified procedure of Ongena et al. (2004) . Briefly, the substrate solution was prepared by mixing linoleic acid (70 μl), Tween-20 (70 μl), and distilled water (3 ml). The solution was clarified by adding 125 μl 2 N sodium hydroxide (NaOH) and diluted to 25 ml with a phosphate buffer (0.2 M, pH 6.5). Enzyme assay was performed by adding 100 μl of the enzyme into 2.7 ml of above substrate solution. The absorbance at 234 nm was recorded up to 3 min. The specific activity of lipoxygenase activity (LOX) was expressed as the change in OD at 234 nm/min/mg protein.
Estimation of chitinase activity
Chitin flakes (Himedia Chemicals Company, India) were used to prepare colloidal chitin (Roberts and Selitrennikoff 1988) . Chitinase was extracted in the form of supernatant from powdered seedlings in a centrifuge using an acetate buffer (100 mM, pH 5.0) at 12,000 rpm for 10 min (Wirth and Wolf 1990) . Enzyme solution (0.4 ml) was mixed with chitin (4%) in sodium acetate buffer, incubated at 37°C for 2 hand spanned for 3 min in Eppendorf tubes at 10,000 rpm. Borate solution (0.1 ml) was added to the supernatant obtained (0.5 ml), boiled for 3 min and cooled in ice. Dimethyl amino benzaldehyde (DMAB; 3 ml) reagent was added, followed by incubation for 20 min at 37°C, the absorbance of the reaction mixture was monitored at 585 nm. The specific enzyme activity was expressed as unit/mg of total protein. Enzyme activity expressed as the amount of enzyme required to catalyze the formation of 1 nmol product per minute.
Protein estimation
Bradford method (1976) was employed to quantify total protein content of the samples, and the concentration was determined using standard bovine serum albumin (BSA) and expressed as equivalent microgram BSA per 0.1 ml sample.
Native-PAGE analysis
Discontinuous native polyacrylamide gel electrophoresis was performed to examine the isoforms profile of POX, PPO, and LOX (Laemmli 1970) . Chili seedlings were collected at different time intervals after bacterial treatment and challenge inoculation. POX, PPO, and LOX enzyme extractions were done as explained earlier using respective buffers. Samples (50 μg protein each for POX, PPO, and LOX) were loaded onto 8% polyacrylamide gel (Sigma, USA). Successively, dark brown bands of isoforms of POX were observed on staining with benzidine (0.05%) and H 2 O 2 (0.03%) in phosphate buffer (100 mM, pH 6.5). For visualizing PPO isoforms profile, the gels were equilibrated for 30 min in 0.1% L-3-(3,4-dihydroxyphenyl) alanine (L-DOPA), followed by addition of catechol (10 mM) in potassium phosphate buffer (0.1 M, pH 7.0). LOX isoforms were visualized on soaking the gel in phosphate buffer (0.2 M, pH 7.0) containing 100 μl linoleic acid and 20 mg Odianisidine followed by incubation in a shaker for 2 h.
Estimation of phenolics accumulation
Chili seedlings (1 g) were homogenized for 15 min in 80% aqueous methanol (10 ml) at 70°C, as explained by Zieslin and Ben-Zaken (1993) . Phenolic accumulation was determined as follows: to dilute methanolic extract (1 ml in 5 ml distilled water) added 1 N Folin-Ciocalteau reagent (250 μl) and incubated at room temperature and the absorbance was measured at 725 nm. The amount of phenolics accumulated in the seedlings, was expressed as microgram gallic acid per gram tissue.
Statistical analysis
To test the effects of PGPR treatment on defense-related enzymes and anthracnose disease incidence, the data were analyzed using analysis of variance (ANOVA). Data for enzyme activity were evaluated by using the general linear model (GLM) procedure (one-way ANOVA).
Mean differences at P ≤ 0.05 were considered to be significant. All the results were confirmed by three independent experiments. All statistical analyses were performed by SPSS (version 16.0 for Windows, SPSS, Inc., Chicago, IL, USA).
Results and discussion
Characterization of Bacillus sp. Bsp.3/aM seed biopriming on plant health
The primary factor that goes into the accomplishment of the biocontrol program is the efficacy with which the biocontrol agents are delivered. One such promising technique in this concern is seed biopriming. Among the biocontrol agents screened, Bacillus sp. Bsp.3/aM was able to colonize roots of chili seedlings and antagonistic to C. capsici (6 mm zone of inhibition) under in vitro conditions ( Fig. 1 and Table 1 ). Upon seed biopriming, the seed-borne incidence of C. capsici infection was significantly reduced in the five chili cultivars tested (Table 2) . Further seed biopriming led to enhance seed germination concerning mean shoot length (MSL) and mean root length (MRL) and vigor index (VI). As shown in Table 3 , treatment with isolate BSp.3/aM significantly increased germination percentage along with decreasing C. capsici incidence in comparison to control seeds.
The gram + ve bacteria, used in the present study, may survive in its active form in the seeds or form endospores and hence being more advantageous over gramve bacteria. As soon as the seeds are sown, due to the activity of seed germination and by root exudates of plants, the bacteria may multiply quickly and colonize the developing roots, helping in plant growth promotion and disease suppression (Haas and Defago 2005) .
Enhanced systemic resistance against a broad range of phytopathogens was developed by the plant on root colonization by selected PGPR isolates (Salem and Abd El-Shafea 2018) . Different PGPR isolates capable of increasing plant growth as well as reducing the disease incidence under greenhouse conditions have been documented (Kabdwal et al. 2019) . A similar result was recorded in the present study, wherein disease incidence was up to 20% in Bsp.3/aM bioprimed seedlings, than the control, which showed (89%) disease incidence (Fig. 2) . In addition, plant growth promotion and increase in germination percentage were also observed, which was in agreement with the previous reports (Kabdwal et al. 2019) . A standardized technique of seed biopriming was evaluated for its ability to promote plant growth under in vitro condition and protect chili plants from C. capsici infection. Bacillus sp. BSp.3/aM, is an IAA producing, phosphate solubilizing, siderophore, and antibioticproducing bacterial isolate (Hariprasad et al. 2009 ) increased the seedling vigor under laboratory conditions and reduced incidence of C. capsici under greenhouse conditions ( Fig. 2 and Table 3 ). Reduction in the seedborne incidence of C. capsici might be due to the ability of BSp.3/aM to produce siderphores that may be responsible for the antagonistic activity (Fig. 1) . The successful outcome of this study is in correlation with the earlier reports (Radjacommare et al. 2004 and Raj et al. 2004 ) under greenhouse and field conditions when PGPR seed treatment was employed. A broad range of root and foliar pathogens in tomato was suppressed along with the promotion of plant growth by Pseudomonas aeruginosa strain 2apa under laboratory and greenhouse conditions as reported by Hariprasad et al. (2013) . The protection by strain 2apa against foliar pathogens was by induced systemic resistance (ISR) and also by the production of antimicrobial compound phenazine. Beneficial microbes such as plant growth-promoting fungi (PGPF) are known for inducing systemic resistance against broad plant diseases by different mechanism including defense enzymes (Jogaiah et al. 2018) . Similarly, in the present study, protection of chili plants against C. capsici infection was by the ISR as the PGPR and pathogen are spatially separated.
Defense-related enzymes
Induced systemic resistance (ISR) in plants is similar to pathogen-induced systemic acquired resistance (SAR). ISR induces resistance in uninfected plant, covers broad pathogen range offering resistance in several plant species. Hence, the usage of PGPR is more efficient as biocontrol method to manage the disease and to improve cropping systems. Increased activities of PAL, POX, PPO, LOX, chitinase, and total phenol content have been thought to be essential components in the local and systemic resistance (Radjacommare et al. 2004 and Anupama et al. 2015) . The results obtained are in agreement with those of Ramamoorthy et al. (2002) . Biopriming with the isolate Bsp.3/ aM induced the plants to synthesize PAL, POX, PPO, LOX, phenolics, and chitinase. An additional increase in the synthesis of the same was observed in seedlings after challenge inoculation with C. capsici under greenhouse conditions. Maximal activity was reached at 24 hpi by all defense-related enzymes except PAL (48 hpi). Further, the activities of these defense-related enzymes found to decrease but maintained a stable level up to the end of the experimental period (Fig. 3a-d) . Increased PAL activity and total phenol content were observed when PGPRtreated tomato seeds were challenged with bacterial and fungal pathogens (Ramamoorthy et al. 2002) . Similarly, microbiolization of tomato seeds with rhizobacteriainduced systemic resistance against P. syringae pv. Tomato Table 2 Efficacy of seed biopriming on seed-borne incidence Values are the means of 16 replicates of 25 seeds each repeated thrice. All means within a column followed by the same letters are not significantly different according to Tukey's HSD at P ≤ 0.05 Table 3 Efficacy of seed biopriming on seedling vigor Values are the means of 4 replicates of 100 seeds each repeated thrice. All means within a column followed by the same letters are not significantly different according to Tukey's HSD at P ≤ 0.05
and Xanthomonas vesicatoria with other fungal pathogens, which was correlated with the increased level of PAL and POX activities in resistance induced plants, has been recorded earlier (Silva et al. 2004 ).
Seedlings treated with Bsp.3/aM + pathogen showed a higher PAL activity of 95 units than the control (29 units). Even though pathogen inoculated and bioprimed seedlings also showed an increase of PAL activity, their level comparatively remained lesser than that of Bsp.3/ aM + pathogen-treated seedlings (Fig. 3a) . Peroxidase activity is associated with disease pathogenesis leading to the strengthening of cell walls with the accumulation of phenolic compounds (Do et al. 2003) . The activity of peroxidase is also related to the scavenging of oxygen free radicals. A maximum of 6.49 units of POX activity was observed in Bsp.3/aM + pathogen treated seedlings, but lesser activity in pathogen treated (4.97 units) bioprimed (4.25 units) and control (3.53 units) seedlings (Fig. 3b) . Activity of PPO was higher on Bsp.3/aM + pathogen treatment with 5.81 units at 24 hpi, after which a constant activity was maintained in the seedlings throughout the experiment. As shown in Fig. 3d , maximal activity of LOX (9.9 units) was found in Bsp.3/ aM + pathogen-treated seedlings at 24 hpi, then the control (2.3 units), bioprimed seedlings (3.75 units) and pathogen-inoculated seedlings (6.26 units) (Fig. 3d) .
Native PAGE analysis showed the presence of six isoforms of POX, among which POX3, POX4, and POX6 were found prominent and POX1, POX2, and POX5 were poorly visible (Fig. 4a) . The number of isoforms remained the same in all the treatments. Native PAGE profile of LOX revealed the presence of five isoforms in all the treatments, but isoform bands with higher intensity were seen in BSp.3/aM + pathogen-treated seedlings than the control and other treatments (Fig. 4b) . Similarly, the native PAGE analysis of PPO revealed the presence of three isoforms in all the treatments and PPO2 was found to be prominent compared to the two other isoforms. The intensity of PPO2 was more in BSp.3/aM + pathogen-treated seedlings than the control and other treatments (Fig. 4c) . The level of defense-related enzymes is known to play a critical role in the mechanism of host resistance (Shivakumar et al. 2000) . The extent of accumulation of defense-related enzymes and an increase in their activities depends on various factors viz., inducing agent, plant genotype, physiological condition, and pathogen (Tuzun 2001) . Increased levels of PAL, POX, and total phenol content in roots of seedlings raised from seeds pretreated with fluorescent pseudomonads than the control and maintained almost at the same level throughout the experiment. It was shown that P. fluorescens induced resistance against R. solanacearum in pretreated tomato plants with P. fluorescens (Ramamoorthy et al. 2002) . PGPR-treated tomato seedlings showed enhanced expression of genes of defenserelated enzymes in response to the attack by R. solanacearum (Vanitha and Umesha 2011).
Effect of PGPR on phenolic accumulation in chili seedlings
Higher accumulation of phenolics in bioprimed chili seedlings challenge inoculated with C. capsici was observed. Accumulation of phenolics started 1 day after challenge inoculation and reached maximum (94.7 μg/g tissue) at 120 hpi. There was no marked change in the accumulation of phenolic in control seedlings (Fig. 5) . Accumulation of phenolic compounds led to induced resistance in response to infection (Hammerbacher et al. 2011) . Phenolic compounds get accumulated by means of phenylpropanoid pathway and/or quick translocation and alteration of present compounds (Hammerbacher et al. 2011) . Lignin, a polymer made of long chains of phenolics, is a primary structural constituent of the plant cell wall. Both lignin and its phenolic precursors are toxic to broad range of pathogens (Basha et al. 2006) . The polymerization of phenolics makes cell wall tuff and thicker, which helps to restrict pathogen penetration and degradation of plant cell wall (Ferreira et al. 2006 ).
Influence of biopriming on chitinase activity
As shown in Fig. 6 , an increase in chitinase activity was observed at 24 h post-inoculation in all the seedlings, irrespective of treated or control. Both BSp.3/aM and BSp.3/ aM + pathogen-treated seedlings exhibited an increased chitinase activity than the control. But a drastic increase in chitinase activity was found in BSp.3/aM + pathogentreated seedlings (9.8 units) at 96 hpi compared to all other treatments. Synthesis and accumulation of pathogenrelated protein (PR-proteins; β-1, 3, glucanase, and chitinase) play an important role in plant defense (Sendhil Vel 2003) . Pseudoonas fluorescens is a PGPR-enhanced chitinase activity in response to infection by A. solani and S. lycopersici (Anand et al. 2007 ).
Conclusion
In the present study, PGPR-induced systemic resistance in seedlings raised from bioprimed seeds that were challenge inoculated. The activities of PAL, POX, PPO, LOX, phenolics, and chitinase activity were found to be higher in seedlings raised from bioprimed seeds, followed by challenge inoculation. In addition, the concentration of phenolic compounds was found to be maximum even at the end of the evaluation period in bioprimed + challenge inoculated seedlings. In control and pathogen-inoculated seedlings, phenolics accumulation was observed to be lower and was constant throughout the experimental period when compared to other treatments. Therefore, seed biopriming can successfully be employed against chili anthracnose. Increased levels of defense-related enzymes and phenolics in bioprimed chili seedling under laboratory conditions were well correlated with the decreased incidence of chili anthracnose disease under greenhouse conditions. Hence, usage of PGPR is more efficient as biocontrol method to manage disease and to improve cropping systems together with improving the soil health and soil fertility.
